ILLUSTRATIONS
In general, there has been little or no sediment accumulation in most of Long Lake. The surface-area of the lake was 1,738,000 square feet (39.9 acres) in 1959 and was 1,733,400 square feet (39.8 acres) in 1988. In 1959, the volume of water in Long Lake was 27,555,000 cubic feet; in 1988, the volume was 27,511,000 cubic feet. The amount of sediment accumulation in the lake during 1959-88 was 44,000 cubic feet. In 1988, the volume of water remaining in the lake was 99.8 percent of the 1959 volume; 0.2 percent of the 1959 lake volume had filled with sediment. The average annual rate of sediment accumulation in the lake during 1959-88 was 1,520 cubic feet per year.
Potential decreases in the storage capacity of Long Lake for the 29-year period 1989-2018 were estimated assuming steady-state conditions. The volume of water in the lake in 2018 is estimated to be 99.6 percent of the 1959 volume; 0.4 percent of the lake is estimated to be filled with sediment.
INTRODUCTION
Long Lake is located in Chain O' Lakes State Park, near the town of Burr Oak, in Noble County, northeastern Indiana ( fig. 1 ). The lake is used for recreational purposes and is managed by the Indiana Department of Natural Resources. Accumulation of sediment in the lake can decrease the storage capacity of the lake and can affect recreational use. Therefore, information about the location, amount, annual rate of sediment accumulation, and the potential for future decreases in storage capacity is needed to effectively manage the resources of the lake. In 1987, the U.S. Geological Survey, in cooperation with the Indiana Department of Natural Resources, began a study to provide this information.
Purpose and Scope
This report presents (1) locations of sediment accumulation in Long Lake for the 29-year period 1959-88; (2) the amount and annual rate of sediment accumulation in the lake during 1959-88; and (3) estimated decreases in the storage capacity of the lake for the 29-year period 1989-2018.
Width, depth, and surface-area data were used to locate areas of sediment accumulation in Long Lake during 1959-88. Depth-contour data were used to determine the amount and the annual rate of sediment accumulation in the lake during 1959-88. The amount and annual rate of sediment accumulation were used to estimate decreases in the lake's storage capacity during 1989-2018.
Physical Setting
Long Lake is a kettle lake that formed in unconsolidated glacial deposits of the Steuben Morainal Lake Area of the Northern Moraine and Lake Region physiographic unit (Schneider, 1966, p. 41) . A kettle lake is formed when a detached block of ice, which is left behind by a retreating glacier, is wholly or partly buried by glacial deposits. Long Lake is essentially two lakes ( fig. 2) . The small southern part, where the inlet enters, is roughly triangular in shape. This part of the lake is connected to the larger northern part by a narrow channel that widens to the north. The northern part of the lake is generally oval in shape, except where the outlet is located ( fig. 2) . Long Lake has an established legal level of 896 ft above sea level. This legal level was established in 1965 by the Noble County Circuit Court. The lake level is controlled by the outlet channel. In 1988, the surface-area of the lake was 39.7 acres.
Long Lake receives drainage from Thumma Ditch. Several reaches of Thumma Ditch and its tributaries have been channelized. At the outlet of the lake, the drainage area of Thumma Ditch is 12.0 mi2. The drainage basin of Thumma Ditch upstream from the outlet of Long Lake is in the Steuben Morainal Lake Area of the Northern Moraine and Lake Region physiographic unit (Schneider, 1966, p. 41) . The basin is underlain by the Antrim Shale of Devonian age (Johnson and Keller, 1972) . The bedrock has little, if any, slope and is overlain by thick unconsolidated glacial deposits of Holocene age. These deposits, which range in thickness from 375 ft at Albion to 475 ft at Kendallville ( fig. 1 ) (Stallman and Klaer, 1950, p. 20) , are composed of till and end-moraine deposits ( fig. 3 ). The till is composed of clay-to gravel-size deposits; the end-moraine is composed of clay-to boulder-size deposits. In general, the areas underlain by till are gently rolling; the areas underlain by the end-moraine are rolling to hummocky, with knob-and kettle-type topography a dominant landform.
Upstream of the inlet of Long Lake, many areas in the drainage basin of Thumma Ditch do not have a well-developed surface-water drainage system; there are many surface depressions, some of which are wetlands. In the upper part of the drainage basin, the maximum altitude of the land surface is approximately 1,040 ft above sea level; in the lower part, the maximum altitude is approximately 980 ft above sea level. The most upstream channel of Thumma Ditch has an altitude of approximately 1,000 ft above sea level; the most downstream channel has an altitude of approximately 895 ft.
The soils of the Thumma Ditch drainage basin are grouped into three major soil associations ( fig. 4 )~Miami, Riddles, and Brookston; Morley and Blount; and Morley and Miami (McCarter, 1977) . The Miami is a loam soil, the Riddles is a sandy loam soil, and the Brookston, Morley, and Blount are silt loam soils. The Miami, Riddles, and Brookston soils range from nearly level to moderately steep and from well drained to very poorly drained. The Morley and Blount soils range from nearly level to moderately sloping and from well drained to somewhat poorly drained. The Morley and Miami soils range from moderately sloping to moderately steep and from well drained to moderately well drained. The erosion hazard for all soils is slight.
A visual inspection made during March 1989 of the drainage basin of Thumma Ditch indicates that land use within the basin is primarily agriculture, row crop and pasture, with some forest. The major crops in the basin are corn and soybeans, which usually are tilled conventionally. There are no municipalities in the basin. Ground water from the unconsolidated glacial deposits is the sole source of water for domestic and agricultural use.
METHODS OF INVESTIGATION
Long Lake width, depth, surface-area, and depth-contour data for 1959 were obtained from a 1959 depth-contour map (Indiana Department of Conservation, 1959) . These data were collected during August 1959. During data collection, the lake level was 896 ft above sea level. The 1959 map provided width and depth data for 37 transects (A through LL; fig. 2 ). Along each transect, a depth value was determined for each contour interval. For each depth value, a corresponding width value was determined by measuring the distance from the beginning of the transect to the location of the depth value. Values for the width data were to the nearest 1 ft, and values for the depth data were to the nearest 5 ft. Depth data were collected in Long Lake during June 1988 at 37 transects (A through LL; fig. 2 ). During data collection, the lake level was 896 ft above sea level. A fathometer was used to measure depth; however, aquatic vegetation in the shallow (less than 9 ft) nearshore parts of the lake interfered with the fathometer signal. As a result, depth data for some of these areas are not available. Widths from the shoreline to the edge of the vegetation in the lake were estimated. A 1977 aerial photograph of the lake (Indiana Department of Highways, written commun., 1988) was used to determine transect widths and surface area for 1988. A visual inspection made during June 1988 of the lake's shoreline indicates that, with the exception of slightly greater deltaic-type deposition at the inlet of the lake, the shoreline had changed little from 1977 to 1988. The shoreline of the 1977 photograph was modified to include this change and then used to determine the transect widths and surface area for 1988.
Along each transect, a depth value was determined for each 1 ft change in the bottom elevation of the lake. For each depth value, a corresponding width value was determined by measuring the distance from the beginning of the transect to the location of the depth value. The width and depth data for 1988 (tables 1-14 in the "Supplemental Data" section at the end of the report) were used to construct a 1988 depth-contour map (fig. 5) with 2-ft contour intervals. Depth contours were estimated for depths of 8 ft or less in the northern part of the lake, for depths of 4 ft or less in the southern part of the lake, and in the channel that connects the southern part of the lake to the northern part of the lake.
SEDIMENTATION IN LONG LAKE
Areas of accumulated sediment in Long Lake from 1959-88 were identified by use of the transect width and depth data for 1959 and 1988 and the surface-area data for 1959 and 1988. The amount and the annual rate of sediment accumulation in the lake from 1959-88 were determined from the depth-contour data for 1959 and 1988.
Areas of Accumulated Sediment
Cross-sectional profiles for 37 transects of Long Lake, A through LL (figs. 6-18), were constructed from the width and depth data. Comparisons of the 1959 and 1988 profiles show where sediment has accumulated. A water-surface datum of 896 ft was used for all cross sections. The area of each cross section was measured to determine the area remaining in the cross-sectional profiles. Areas for the cross sections are given in table 15 (in the "Supplemental Data" section at the end of the report). The area remaining in the cross-sectional profiles was determined for the 37 transects. The area remaining, expressed as a percentage, was determined by dividing one crosssectional area by another cross-sectional area and multiplying the quotients by 100 (table 16 in the "Supplemental Data" section at the end of the report). With transect LL as an example, the 1988 cross-sectional area of 2,790 ft divided by the 1959 cross-sectional area of 3,100 ft2 times 100 equals 90.0; that is, 90.0 percent of the 1959 cross-sectional area remains in 1988. The percent area remaining for the crosssectional profiles ranged from 83.1 percent (transect FFGG) to 170 percent (transect C). The reason for the anomalously large increase in area for transect C could not be determined. The increases and some of the decreases in cross-sectional areas probably can be attributed to the fact that the depth values were rounded to the nearest 5 ft for 1959 and to the nearest 1 ft for 1988. The largest computed changes in area remaining for the cross-sectional profiles, which represent locations where the largest amount of sediment has accumulated, are in the southern part of the lake where Thumma Ditch enters the lake and in the narrow channel that connects the southern and northern parts of the lake. In general, there has been little or no sediment accumulation in most of the lake from 1959-88.
The 1959 surface-area data for Long Lake were obtained from the 1959 depthcontour map; the data for 1988 were obtained from the modified 1977 aerial photograph. The surface area was 1,738,000 ft2 (39.9 acres) in 1959 and 1,733,400 ft2 (39.8 acres) in 1988. The decrease in surface area from 1959 through 1988 was 4,600 ft2 (0.106 acre). The average annual rate of surface-area decrease for the 29-year period 1959-88 is 159 ft per year (0.004 acre). Generally, the only difference in the shoreline was in the southern part of the lake at the inlet where there was slightly greater deltaic-type deposition in 1988 than in 1959.
Amount of Accumulated Sediment
The amount and the average annual rate of sediment accumulation in Long Lake during 1959-88 and the volume of water in the lake in 1959 and 1988 were determined from the depth-contour data. The volume of water in the lake in 1988 was subtracted from the volume of water in 1959 to determine the amount of sediment that had accumulated in the lake during 1959-88 and to calculate the average annual rate of sediment accumulation. The areas encompassed by the contour lines of the 1959 and 1988 depthcontour maps were measured, multiplied by the labeled depth value, and then added to determine the volume of water in Long Lake in 1959 and 1988. The following example shows how volumes were computed for 1959:
1. The area enclosed by the shoreline and the 5-ft contour line was measured.
2. The area enclosed by the 5-ft contour line was subtracted from the area enclosed by the shoreline. The resulting value was multiplied by 2.5 ft (2.5 ft is a value halfway between zero, the shoreline, and the 5-ft contour line) to find the volume from the shoreline to the 5-ft contour line.
3. This same procedure was used for all contours. The value for contours that had no greater value than themselves was multiplied by the area enclosed by that contour.
4. All the volumes computed in steps 1-3 were added to give the 1959 volume of water in the lake.
In 1959, the volume of water in Long Lake was 27,555,000 ft3; in 1988, the volume was 27,511,000 ft3 (table 17 in the "Supplemental Data" section at the end of the report). In 1988, the volume of water remaining in the lake was 99.8 percent of the 1959 volume. The volume of water in the lake for 1988 was subtracted from the volume of water for 1959 to determine the amount of sediment that had accumulated in the lake during 1959-88, which was 44,000 ft3. By 1988, 0.2 percent of the 1959 lake volume had filled with sediment. The total amount of accumulated sediment (44,000 ft3), was divided by 29 years to determine the average annual rate of sediment accumulation in Long Lake. That annual rate is 1,520 ft3 per year.
Potential for Future Decreases in Lake Storage Capacity due to Accumulated Sediment
Potential decreases in the storage capacity of Long Lake for the 29-year period from 1989 through 2018 were estimated from the amount of sediment accumulation in the lake during 1959-88 (44,000 ft3) and the average annual rate of sediment accumulation (1,520 ft3 per year). It was assumed that the future rate of deposition would be held constant, sediment compaction would be negligible, and the trap efficiency of the lake would not change. In using the assumptions about sediment compaction and trap efficiency, the potential decreases in storage capacity would be the maximum to occur. The volume of water in Long Lake was 27,555,000 ft3 in 1959 and 27,511,000 ft3 in 1988. In 1988, the volume of water remaining in the lake was 99.8 percent of the 1959 volume; 0.2 percent of the lake had filled with sediment. The volume of water in the lake in 2018 is estimated to be 99.6 percent of the 1959 volume; 0.4 percent of the lake is estimated to be filled with sediment. Most of the new sediment probably will accumulate in the southern part of the lake near the inlet and in the narrow channel that connects the southern part of the lake to the northern part. There probably will be little new sediment accumulation in the rest of the lake at the present rate, and the storage capacity of the lake probably will not change substantially.
SUMMARY AND CONCLUSIONS
Areas of accumulated sediment in Long Lake for the 29-year period 1959-88 were identified by use of width and depth data for 1959 and 1988 and surface-area data for 1959 and 1988. Cross-sectional profiles for 37 transects of the lake were constructed by use of the width and depth data. The area of each cross section was measured to determine the amount of accumulated sediment. The area remaining, expressed as a percentage, also was determined for the 37 cross-sectional areas. The largest decreases and the largest computed percentage changes in cross-sectional areas, which represent locations where the largest amount of sediment has accumulated, are in the southern part of the lake where Thumma Ditch enters the lake and in the narrow channel that connects the southern and northern parts of the lake.
In general, there has been little or no sediment accumulation in most of the lake from 1959-88. The surface-area of the lake was 1,738,000 ft2 (39.9 acres) in 1959 and 1,733,400 ft2 (39.8 acres) in 1988. The amount and the average annual rate of sediment accumulation in Long Lake from 1959-88 was determined from depth-contour data for 1959 and 1988. In 1959, the volume of water in the lake was 27,555,000 ft3; in 1988, the volume was 27,511,000 ft3. The amount of sediment accumulation in the lake during 1959-88 was 44,000 ft3. In 1988, the volume of water remaining in the lake was 99.8 percent of the 1959 volume; 0.2 percent of the 1959 lake volume had filled with sediment. The average annual rate of sediment accumulation in the lake during 1959-88 was 1,520 ft3 per year.
Potential decreases in the storage capacity of Long Lake for the 29-year period 1989-2018 were estimated from the amount of sediment accumulation in the lake during 1959-88 and the average annual rate of sediment accumulation. It was assumed the future rate of deposition would be held constant, the sediment compaction would be negligible, and the trap efficiency of the lake would not change. The volume of water in the lake in 2018 is estimated to be 99.6 percent of the 1959 volume; 0.4 percent of the lake is estimated to be filled with sediment.
SUPPLEMENTAL DATA (Tables 1-17) Measured from northwest to southeast. 2Depth below pool stage of 896 feet (above sea level). 3Measured from northeast to southwest. 4Measured from west to east. Measured from west to east. 2Depth below pool stage of 896 feet (above sea level). 
